Analytical Description of Thermocline Tank Performance in Dynamic Processes and Stand-by Periods  by Bayón, Rocío & Rojas, Esther
 Energy Procedia  57 ( 2014 )  617 – 626 
Available online at www.sciencedirect.com
ScienceDirect
1876-6102 © 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and/or peer-review under responsibility of ISES.
doi: 10.1016/j.egypro.2014.10.216 
2013 ISES Solar World Congress 
Analytical description of thermocline tank performance in 
dynamic processes and stand-by periods 
Rocío Bayón*, Esther Rojas 
CSSU-Thermal Storage. CIEMAT-PSA; Av. Complutense 40, 28040 Madrid, Spain. 
 
Abstract 
In this paper a Logistic Cumulative Distribution Function has been used as approximate analytical 
expression for predicting the behaviour of thermocline tanks when consecutive charge and discharge 
processes are performed and also during stand-by periods of no operation. This Logistic-CDF is 
expressed in dimensionless coordinates, parameterised in terms of working conditions and has been 
validated with experimental data reported in the literature. For the case of dynamic process, even if a 
thermocline tank is operated under optimum conditions, efficiency decreases with charge/discharge 
cycles leading to a tank delivering only about half of the ideal total energy after 5 days of operation. As 
for stand-by period, the degradation velocity and the full degradation time depends on the thermal 
diffusivity of the storage materials  
 
© 2013 The Authors. Published by Elsevier Ltd.  
Selection and/or peer-review under responsibility of ISES 
 
Keyword: sensible heat; thermocline storage; analytical function; charge/discharge cycles; stand-by degradation 
1. Introduction  
One of the most promising approaches to reduce the storage system cost in Solar Thermal Power Plants 
(STPP’s) is the replacement of the conventional molten salt two-tank system by a single thermocline tank 
in which an important quantity of the molten salt (between 50% to 75%) is substituted by a cheaper solid 
filler material [1]. Although thermocline tanks have a great potential to decrease the thermal storage costs, 
they still present challenges in terms of control strategy and storage efficiency. 
In order to study both optimal strategy and control systems for thermocline storages integrated in 
STPP’s, an analytical expression that provided both mass flow and fluid temperature at tank outlet as a 
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function of time would be strongly desirable. In a very recent work still under revision, we have proposed 
a Logistic Cumulative Distribution Function (CDF) for describing the behavior of a thermocline storage 
tank since this analytical function results to be a good approximation to the solutions previously obtained 
with a numerical model [2]. 
In the present work this Logistic-CDF has been used for describing thermocline tank performance in 
dimensionless coordinates not only during dynamic processes of charge and discharge but also during the 
stand-by periods (i.e. not in operation). This function has been validated with some experimental results 
reported in the literature for thermocline tanks with different storage media. The variation of characteristic 
parameters like thermocline zone thickness and tank efficiency with consecutive charge/discharge 
processes has been evaluated. It has been found that the storage efficiency strongly decreases with 
charge/discharge cycles due to an increase of thermocline zone as it moves along the tank.  
The evolution of thermocline thickness with dwelling time in stand-by periods has been studied as 
well. Since degradation by diffusion is the only mechanism considered during these periods, the 
degradation velocity and the full degradation time will be strongly dependent on the kind of storage 
medium. 
2. Logistic CDF as analytical function for describing thermocline tank behavior 
In previous works [2, 3] we presented a single-phase one-dimensional numerical model for simulating 
thermocline storage tanks with an effective storage medium formed by either a liquid or both a liquid and 
a solid filler. This model neglected thermal losses, was expressed in dimensionless coordinates and its 
numerical results were successfully validated with experimental data found in the literature for different 
kinds of thermocline storage tanks [4, 5, 6]. This numerical model was developed for solving the 
following dimensionless energy balance equation valid for the dynamic processes of charge and 
discharge: 
2
2vt z z
I I I
  
w w w  w w w      (1) 
 
The expressions for the dimensionless variables are displayed below together with the correlations of 
physical parameters. The numerical solutions obtained for this equation are sigmoid curves representing 
dimensionless temperature distribution, I , along the dimensionless tank height, z , for different 
dimensionless time values, t (or cz
 positions). These numerical solutions can be approximated to a 
Logistic Cumulative Distribution Function (CDF) that can be expressed as: 
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Where maxI  and minI  represent maximum and minimum dimensionless temperatures, cz is the 
dimensionless location of thermocline zone center and also the position of the function inflection point, 
whereas S parameter indicates the amplitude of thermocline zone since it is related to the Logistic-CDF 
slope at that inflection point [7]. Due to the asymptotic behavior of the dimensionless temperature profiles 
to both maxI  and minI , thermocline thickness will depend on how much these values are approached, i. e. 
which limit is imposed for the temperature interval: min/ maxTCI I I'   . Hence, since Logistic-CDF 
is a statistical function, thermocline thickness can be calculated by establishing the size of the confidence 
interval centered at cz
 position through the expression [8]: 
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Where n is related to the limit imposed for the temperature interval 
TC
I ' as it indicates the 
percentage of Logistic-CDF sigmoid interval that is considered. 
With the numerical model we demonstrated that the evolution of thermocline zone thickness depended 
on the working conditions (i. e. dimensionless velocity, v , and time, t ) [2]. Therefore the dependence of 
S parameter with these working conditions was obtained for the analytical function with the help of the 
numerical results. In this way, S parameter for dynamic processes can be expressed as a product of two 
factors: one depending on t  and another depending on v . 
 
Dimensionless correlations 
Temperature: 
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T
T
I     Maximum temperature: max 1I   
Minimum temperature:  minmin
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Thermocline position: In discharge:  * *cz v t
  In charge: * *1cz v t   
Thermocline thickness at a certain position:  cTC z   
Nomenclature and correlations of physical properties  
 
U density 
Cp heat capacity 
UCp volumetric heat capacity 
k thermal conductivity 
vliquid velocity of the liquid inside the tank 
L tank height 
H porosity of the storage medium 
Tmax maximum temperature of the tank (inlet temperature in charge or outlet temperature in 
discharge) 
Tmin minimum temperature of the tank (outlet temperature in charge or inlet temperature in discharge) 
eff sub index referring to the effective storage medium 
liquid sub index referring to the liquid 
Effective volumetric heat capacity:        1p p peff liquid solidC C CU H U H U    
Effective thermal conductivity:  1eff liquid solidk k kH H    
Effective diffusivity:   effeff p eff
k
C
D U  
 
For the case of stand-by processes, some previous studies have demonstrated that thermal losses to the 
environment can be neglected [1] and hence the corresponding energy balance equation would be Eq. 1 
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without the dynamic term with v . The stand-by equation was numerically solved and the corresponding 
temperature distribution solutions were approximated to the Logistic-CDF of Eq.2. Whenever the whole 
sigmoid curve for the thermocline region is confined within the tank, cz
 remains constant and S parameter 
is expressed as function of dimensionless time, t . Being formulated in dimensionless form and 
parameterized in terms of working conditions, the Logistic-CDF of Eq. 2 can be used for characterizing 
dynamic processes and stand-by periods of any kind of thermocline tank, independently on the size and 
the storage medium (i. e. only liquid or liquid with solid filler). 
The Logistic-CDF of Eq.2 allows obtaining temperature profiles along the tank height for different 
times and also temperature variation with time at different tank positions for a given velocity. In Fig. 1 
examples of both kinds of temperature profiles have been plotted. Fig.1.a) corresponds to an initial 
discharge process performed at 500v  and shows the evolution of vertical temperature inside the tank 
for different times. Being a discharge process, thermocline zone proceeds towards the tank top ( 1z  ).  
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Fig. 1. Temperature profiles corresponding to an initial discharge process performed at 500v  . a) Temperature along the tank 
height for different times; b) time evolution of temperature at different vertical positions. 
 
Fig. 1.b) corresponds to the same discharge process but it shows the time evolution of temperature at 
different tank vertical positions. As we can see, temperature of a certain position remains equal to 
( max 1I  ) until it is reached by thermocline zone, moment from which temperature starts decreasing 
down to minI . 
 
3. Validation of Logistic-CDF with experimental results 
In order to demonstrate the validity of the Logistic-CDF for reproducing the behavior of thermocline 
tanks, experimental results reported by various authors for different kinds of thermocline tanks have been 
used. In principle Logistic-CDF in dimensionless form can be applied to any specific case provided the 
dimensional variables are converted into the corresponding dimensionless ones. Actually our numerical 
model was already validated with experimental data taken from the literature [2] and the same should be 
expected for the Logistic-CDF since it represents an approximation to those numerical results. 
In this case, the behavior of a thermocline tank with only liquid (water) has been reproduced by taking 
into account the experimental data from Kandari [9] whereas for reproducing the behavior of a tank with 
liquid and packed-bed, the results from Bruch et al. have been considered [10]. In Table 1 the main 
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characteristics of these tanks have been recorded. The dimensionless velocity, v , we have calculated for 
the corresponding experimental flow (or Reynolds number) has been indicated as well. 
 
Table 1. Main characteristics of thermocline tanks whose experimental data have been used for validating the Logistic CDF 
Tank parameters Kandari [9] Bruch et al. [10] 
D (m) 0.74 1 
L (m) 2.28 3 
Flow 6 l/min ( 478v  ) Re=9 ( 50v  ) 
Tmax (ºC) 83 300 
Tmin (ºC) 42 200 
Porosity, H 1 0.3 
Storage medium Water Thermal oil and rock-bed 
 
In Fig. 2 the time evolution of temperature profiles measured in the water tank evaluated by Kandari 
are presented [9]. These profiles correspond to a charge process taking place from 16:05 to 16:35 and 
they are measured near the tank top (0-30 cm). As we can see, the profiles predicted with the Logistic 
CDF fit very well the experimental temperature values except for the upper temperature range where 
some deviations are observed. These deviations are most probably due to the presence of turbulences 
originated at the tank inlet, which is located at the top in charge processes [11].  
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Fig. 2. Temperature profiles at different times (h:min) for a charging process performed at 6 l/min. Comparison between the 
experimental data taken from ref. [9] (x) and the results predicted with the Logistic-CDF (-). 
 
In Fig. 3 the time evolution of temperature profiles corresponding to the thermocline tank with oil and 
rocks evaluated by Bruch et al. [10] are recorded. In this case the results are presented in the 
dimensionless coordinates used by these authors and the profiles correspond to an initial discharge 
process. Again we can see that the Logistic CDF predicts quite well the experimental temperature profiles 
for all time intervals. 
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Fig. 3. Dimensionless temperature profiles at different times for a discharging process performed at Re=9. Comparison between the 
experimental data taken from ref. [10] (scattered points) and the results predicted with the Logistic CDF (lines). 
 
From these results we can conclude that the Logistic CDF predicts reasonably well the behavior of real 
thermocline storage tanks not only when the storage medium is a liquid but also when it is a combination 
of a liquid and a solid filler. 
4. Consecutive charge/discharge processes 
In this section, the Logistic-CDF has been used for predicting the behavior of a thermocline tank when 
consecutive charge and discharge processes are carried out. In this way tank performance has been 
evaluated in terms of two characteristic parameters already introduced in our previous work: thermocline 
thickness at the end of process, endTC
 , and tank efficiency,K  [2]. As said above, thermocline thickness 
will depend on which percentage of the Logistic-CDF sigmoid interval is chosen, i.e. on which n value is 
taken. For calculating thermocline thickness at the end of each process, endTC
 ,we have chosen 99% of the 
exact value of this interval, which corresponds to n=2.58. The position of thermocline zone at the end of a 
process is: c endz

 . As for tank efficiency, K , it is defined as the percentage ratio between the stored or 
delivered energy by the thermocline tank and the ideal total energy and is calculated by the expression 
[2]. 
stored/delivered
ideal
total
100 100c end
Q z
Q
K  u  u     (4) 
In relation to these parameters it was demonstrated in our previous work that thermocline thickness 
decreases with dimensionless velocity down to a minimum while efficiency increases up to a maximum 
for 2350v t  [2].  
With the help of the Logistic-CDF and its parameterization it is possible to calculate both thermocline 
thickness and tank efficiency at the end of consecutive charge/discharge cycles, starting from a situation 
of total discharge, with no stand-by periods in between and assuming that thermocline is never extracted, 
even partially, from the tank. The calculations have been performed for different dimensionless velocity 
values and the results have been plotted in Fig. 4. In Fig. 4.a) the increase of thermocline thickness with 
charge/discharge cycles is clearly observed for all velocity values. In Fig. 4.b) we can see that, tank 
efficiency decreases with charge/discharge cycles and this decrease is faster for lower dimensionless 
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velocities. For the case of 100v  , tank efficiency drops below 50% already after the first discharge, 
whereas for the cases of highest efficiency ( 2350v t ), such efficiency does not decrease so fast but still 
only 55% is attained after the 5th discharge. This means that even if a thermocline tank is operated under 
optimum efficiency conditions (i. e. at 2350v t ), it could deliver only about half the ideal total energy 
after 5 days of operation, provided thermocline region is always kept inside the tank.  
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Fig. 4. Evolution of thermocline thickness (a) and tank efficiency (b) after consecutive charge/discharge processes. 
 
These results expressed in dimensionless form are valid for any kind of thermocline tank. Actually we can 
apply them to the experimental tanks used for validating the Logistic-CDF in section 2. For the case of 
Kandari water tank [9] for which 478v  , we obtain that the 85% efficiency of the first charge would 
drop under 50% after the 3rd charge, whereas the oil with rocks tank tested by Bruch et al. [10] operated at 
50v  , would have 71% efficiency for the first charge and becoming 38% just at the first discharge . 
5. Stand-by degradation 
In this section the Logistic-CDF has been used for predicting the stand-by degradation for which only 
thermal diffusion has been considered. This assumption is supported by the results of Xu et al. [12], who 
simulated the degradation of thermocline tanks with molten salt and solid filler as storage media in stand-
by. These authors considered thermal losses to the environment but the resulting temperature distribution 
curves showed that those thermal losses hardly affected thermocline degradation and only a slight 
decrease in minI  at long dwelling times was observed. The stand-by degradation has been studied 
assuming that it starts from the ideal situation in which the bottom half of the tank is at minI , the top half 
is at maxI  and hence thermocline is located at 0.5cz   with a thickness equal to zero. In Fig. 5 the 
increasing thickness of thermocline zone with dwelling time is clearly observed. Actually, we can see that 
thermocline zone occupies the whole tank height (  0.5 1cTC z    ) when 31.5 10t | u and provided 
the stand-by period has started from the ideal situation in which thermocline thickness is zero. As 
expected, similar results were obtained by Xu et al. [12]. 
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Fig. 5. Evolution of thermocline thickness (a) and tank efficiency (b) after consecutive charge/discharge processes. 
 
Since for stand-by period, only degradation of thermocline zone by diffusion has been considered, the 
degradation velocity and the full degradation time will depend on the kind of storage medium (i. e. on its 
effective thermal diffusivity). This is clearly displayed by the expression used for calculating 
dimensionless time, t (see dimensionless correlations). 
In order to have an idea of the stand-by behavior, starting from the ideal situation mentioned above, of 
thermocline tanks with different sizes and storage media, dimensional times of full degradation have been 
calculated for 31.5 10t | u and the results in hours are recorded in Table 2.  
 
Table 2. Examples of full degradation time depending on the storage medium and size of thermocline tank and assuming that this 
degradation starts from the ideal situation in which thermocline thickness is equal to zero and it is located at half tank height. 
Kind of thermocline tank Degradation time 
Tank of 2.28 m high with water-Kandari [9] 15 h 
Tank of 3 m high with oil and solid filler (H=0.3)-Bruch [10] 5 h 
Tank of 6.1 m high with molten salt and quartzite rock/sand (H=0.22)-Sandia Prototype [4] 18 h 
Tank of 12 m high with Caloria HT43 and rock/sand (H=0.22)-Solar One [13] 91 h 
Andasol-like tank [14] of 14 m high with: 
x Only molten salt (H=0.1) 
x Molten salt and quartzite rock/sand (H=0.22) 
 
421 h 
97 h 
Gemasolar-like tank [15] of 10.5 m high with: 
x Only molten salt (H=0.1) 
x Molten salt and quartzite rock/sand (H=0.22) 
 
237 h 
55 h 
 
Since the tanks differ not only in size but also in the storage medium, comparisons are not 
straightforward. The only cases that can be compared are the possible thermocline configurations, with 
molten salt and with or without solid filler, of Andasol-like tanks and Gemasolar-like tanks. For those 
particular cases, it is clear that the tanks with solid filler of quartzite rock would degrade much faster (in 
97 h a in 55 h respectively) than the same tanks with only molten salt (in 421 h and 237 h respectively). 
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This happens because the thermal diffusivity of the molten salt is lower than the thermal diffusivity of the 
quartzite rock filler [2]. The contrary would happen if the diffusivity of the solid filler was lower than the 
diffusivity of the liquid medium. 
On the other hand, it must be taken into account that the time values recorded in Table 2 correspond to 
an ideal initial situation in which initial thermocline thickness is zero. However in a real case, degradation 
would start from a certain thermocline thickness and this would lead to shorter full degradation times. 
6. Conclusions 
In this work a Logistic CDF has been used for predicting the behavior of thermocline tanks when 
consecutive charge and discharge processes are performed and also during stand-by periods of no 
operation. This Logistic-CDF is expressed in dimensionless coordinates and has been already 
parameterized in terms of working conditions. With the help of experimental results reported in the 
literature we have demonstrated that the Logistic-CDF is able to predict the behavior of real thermocline 
storage tanks not only when the storage medium is a liquid but also when it is a combination of a liquid 
and a solid filler. 
For the dynamic case it has been found that, if the whole thermocline region is always kept inside the 
tank, thermocline thickness increases with charge/discharge cycles while tank efficiency decreases. In this 
case, even if a thermocline tank is operated under optimum efficiency conditions (i. e. at 2350v t ), it 
could deliver only about half of the ideal total energy after 5 days of operation. For stand-by periods, only 
degradation of thermocline zone by diffusion has been considered and hence the degradation velocity and 
the full degradation time depend on the kind of storage medium. This means that thermocline tanks with 
solid filler will degrade faster than the corresponding with only liquid if thermal diffusivity value for the 
solid material is larger than the value for the liquid. However if thermal diffusivity of the solid is smaller, 
the thermocline tank with only liquid will degrade faster. 
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